Abstract-Development of highly transparent compositionally graded buffer layers (CGBs) will enable novel 5 and 6 junction solar cell designs, with efficiencies approaching 50% under high concentration. We demonstrate highly transparent grades between the GaAs and InP lattice constants on both A-and Bmiscut GaAs substrates, using Al 1-x-y Ga x In y As and highly Sedoped, Burstein-Moss (B-M) shifted Ga x In 1-x P in the buffer designs. Transparency to >810 nm wavelengths and >890 nm wavelengths is demonstrated with B-M shifted Ga x In 1-x P on Bmiscut substrates and Al 1-x-y Ga x In y As/Ga x In 1-x P combined grades on A-miscut substrates, respectively. These highly transparent CGBs as platforms for 0.74 eV GaInAs cells exhibiting W OC = 0.41 V at 15 mA/cm 2 . This performance is comparable to the state of the art Ga x In 1-x P grade employed in the 4-junction IMM device. A GaAs/0.74 eV GaInAs tandem cell is grown with a transparent BM-shifted Ga x In 1-x P CGB to verify CGB performance in a multi-junction device. Quantum efficiency measurements indicate that the CGB is completely transparent to photons below the GaAs bandedge, validating their use in 4-6 junction IMM devices with a single graded buffer. This tandem represents a highly efficient 2-junction band gap combination, achieving 29.6 ± 1.2% efficiency under the AM1.5 global spectrum, demonstrating how the additional transparency enables new device structures.
I. INTRODUCTION
III-V multi-junction solar cells deliver the highest performance of any solar conversion technology available today. Currently, there are two state of the art approaches with proven efficiencies over 45%: monolithic growth, in which all of the junctions are grown on the same substrate in a single growth, and the bonded approach in which multiple sets of cells are grown on separate substrates and bonded together post-growth [1] . The 4-junction (4J) inverted metamorphic cell (IMM) is the leading example of the monolithic approach, achieving 45.7% efficiency under concentration [2, 3] . As the quest for increasing efficiency continues, 5-and 6-junction IMM designs, which have the potential to yield efficiencies over 50%, are gaining interest.
Two potential 6J IMM cell designs are shown in Fig. 1 . In both structures, the top 3 junctions consist of 2.1 eV AlGaInP, 1.7 eV GaInAsP (or AlGaAs), and 1.4 eV GaAs lattice matched to GaAs. In Design #1, the bottom 3 junctions are all lattice-mismatched GaInAs with different lattice constants and bandgaps. Ga x In 1-x P compositionally graded buffers (CGBs) bridge the gap in lattice constant between each of these junctions, with the 3 rd CGB ending at the binary InP composition. This design is an extension of the 4J IMM, with the addition of another lattice-matched, high-bandgap junction and another lattice-mismatched, low-bandgap GaInAs junction.
An alternative 6-junction design (Design #2 in Fig.1 ) contains 3 lower junctions all with the lattice constant of InP (1.2 eV GaInAsP, 1.05 eV GaInAsP, and 0.73 eV GaInAs). In this design, the upper and lower junctions are linked by a single CGB from the GaAs lattice constant to the InP lattice constant [4] . A combined Ga x In 1-x P CGB comprising the individual CGBs of the first design cannot simply be inserted into the second, however, as the CGB would parasitically absorb photons between 1.42 eV, the GaAs band gap, and 1.34 eV, the InP band gap, costing ~2.7mA/cm 2 of current under AM1.5D. A CGB transparent to the GaAs bandedge, at a minimum, must be developed to enable this design. If the GaAs cell is not optically thick, or a higher bandgap 3 rd subcell is desired, the CGB would need to be even more transparent. The use of a single transparent CGB offers the advantages of simplified processing and reduced material cost, as the single CGB thickness could be much less than the thickness of the three CGB stages of Design #1. Each CGB is typically capped with thick overshoot and window layers, which could be eliminated in a single CGB approach to reduce material usage. In addition, a single CGB allows additional buffer thinning potential since all relaxation occurs within a single region of the device [5] . The development of new, highly transparent CGBs would enable this, and numerous other designs.
In this work, two transparent CGB approaches are demonstrated, each tailored to a specific substrate miscut direction: (100) towards (111)A and (111)B. The band gaps and material quality of the multi-junction subcells are potentially affected by the miscut direction, so the development of transparent grades on GaAs substrates with both A and B miscuts increases design flexibility. BursteinMoss (B-M) shifted Ga x In 1-x P, achieved though highly degenerate Se doping and hereafter referred to as Ga x In 1-x P(Se), is an integral component of CGBs on each miscut direction. CGBs consisting entirely of Ga x In 1-x P(Se) on substrates miscut 2˚ towards (111)B and combined Al 1-xy Ga x In y As/Ga x In 1-x P(Se) grades on 6˚A miscut substrates are presented. These combinations of materials and miscut direction are specifically chosen to limit phase separation [6] and use ordering to an advantage where possible [7] , in order to minimize threading dislocation densities while maximizing transparency. The quality of these CGBs is evaluated by the performance of ~0.74 eV GaInAs cells grown on top of them, since the voltage of the device is sensitive to the dislocation density. Transparency to 810 nm and above is achieved with the 2˚B Ga x In 1-x P(Se), and transparency to 890 nm and above is demonstrated with Al 1-x-y Ga x In y As /Ga x In 1-x P(Se) CGBs on 6˚A without degradation in device performance relative to the standard Ga x In 1-x P grade in the 4J IMM cell. The transparency of the Al 1-x-y Ga x In y As/Ga x In 1-x P(Se) CGB can be extended past the GaAs band gap to 860 nm with higher Se doping, but the quality of this CGB is deteriorated slightly. Lastly, the benefits of these high transparency CGBs are demonstrated in a GaAs/0.74 eV GaInAs tandem cell with a fully transparent B-M shifted Ga x In 1-x P grade.
II. EXPERIMENTAL
All materials were grown in a custom-built, atmospheric pressure metalorganic vapor phase epitaxy (MOVPE) reactor. Substrates consisted of Si doped, n+ (100) GaAs miscut either 2˚ towards (111)B or 6˚ towards (111)A. All CGBs were graded in a monotonic, step-graded fashion. Quality of the CGBs to graded to the InP lattice constant was evaluated by the performance of inverted ~0.74 eV Ga x In 1-x As cells grown on them. After the Ga x In 1-x P buffer, a 1.5 μm InP window was grown, followed by the Ga 0.47 In 0.53 As cell, InP back surface field (BSF), and Ga 0.47 In 0.53 As contact layer (compositions are nominal based on the reactor calibration). The Ga x In 1-x P graded buffer structure and growth conditions, and 0.74-eV cell structure are described in ref. [8] with the difference being heavy Se doping of portions of the Ga x In 1-x P buffer. A dilute mixture of 500 ppm H 2 Se in hydrogen was used as the Se source. The device was processed as described in ref. [9] . Briefly, a large area gold contact was electroplated to the back surface of the device that was then inverted onto a silicon handle. Then the substrate was removed by wet etching and gold grids were applied to the front using standard lithography techniques. Lastly, devices were isolated by selective wet chemical etching. The final structure is given in Fig. 2 .
Some Al 1-x-y Ga x In y As-only CGBs were grown to develop that portion of the combined Al 1-x-y Ga x In y As/Ga x In 1-x P(Se) grade on 6°A substrates. ~1.0 eV GaInAs cells similar in structure to the 0.74 eV cells were grown on these CGBs to assess their performance. After the Al 1-x-y Ga x In y As buffer, which was doped ~1 x 10 18 cm -3 with Si and grown to y = 0.27, a 1-μm strain-free Ga 0.25 I n0.75 P window was grown, followed by the Ga 0.73 In 0.27 As cell, Ga 0.25 I n0.75 P BSF, and Ga 0.73 In 0.27 As contact layer. Thus, the cells are identical to previously studied 1.0-eV cells [10] except for the buffer alloy. The band gap of the CGB was controlled by varying the Al/Ga ratio. The structure of the Al 1-x-y Ga x In y As-only CGBs is given in Fig. 3 . The Al 1-x-y Ga x In y As/Ga x In 1-x P(Se) grades on 6°A substrates combine the Al 1-x-y Ga x In y As CGB, with grading out to y = 0.33, and the Ga x In 1-x P(Se) CGB, with x = 0.20-0.00. The 0.74 eV GaInAs cell design is exactly the same as the structure in Fig. 2 . The combined CGB structure is presented in Fig. 4 .
The CGB acts as a filter for the device due to its inversion, making the spectral response of the device response a function of the transparency of the CGB. Thus the transparency of the CGB can be readily evaluated by external quantum efficiency (EQE) measurement of the cells, while measurement of cell V OC provides validation of the material quality. EQE and reflection were measured on a custom-built instrument equipped with adjustable light-emitting diodes and voltage biasing capability. The bandgap was determined from the EQE using a method described in ref. [11] . Light IV curves were taken on an adjustable 1-sun solar simulator tuned to represent the AM1.5D or AM1.5G solar spectrum. The cell measurements team at NREL did not officially validate the presented efficiencies. Spectrally resolved electroluminescence (EL) of the tandem device was measured in the dark over a range of injected current densities using the setup and methodology described in ref. 12 . The performance of the individual subcells was evaluated by calculation of the open circuit voltage at short-circuit current J SC by eq. (1):
where is the open circuit voltage in the detailed balance limit [13] , k is Boltzmann's constant, T is the device temperature, q is the elementary charge, and is the external radiative efficiency evaluated from EL as in [12] .
III. RESULTS AND DISCUSSION

A. GaInP Grade on 2˚B Substrates
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The standard Ga x In 1-x P grade to InP currently employed in the 4-J IMM lacks the transparency necessary to be used in a single CGB multi-junction design. The optical absorption of this material can be controlled by doping, however, due to the Burstein-Moss effect [14] . By degenerately doping the material highly n-type, the lower energy states of the conduction band are filled at room temperature, and the only optical transitions available are to energies greater than the band gap. Selenium is an n-type dopant with a high solubility in III-V materials, and can be employed to achieve the necessary doping to achieve the desired absorption shift. InP has a band gap of 1.34 eV, so an increase of the optical gap by 0.08 eV is necessary to match the band gap of GaAs. Lahtinen observed an increase of 0.108 eV in InP doped 5.8 x 10 18 cm -3 with sulfur [15] . A transparent Ga x In 1-x P CGB ending with InP likely needs to be doped significantly more than that, since the absorption of a typical GaAs cell tails off well before the band gap (see sample MN187 in Fig. 2 , for example). The use of the Burstein-Moss effect offers a promising solution to improving the transparency of the Ga x In 1-x P CGB, but may also drastically impact the residual threading dislocation density (TDD) of the CGB. The Ga x In 1-x P in the 4J IMM relies on the presence of CuPt ordering to increase dislocation glide length, suppress phase separation, and minimize threading dislocation density (TDD) [7] . Selenium acts as a surfactant during MOVPE growth and is known to reduce ordering, making it is preferable to confine Se doping to later regions of the grade near the binary InP composition where ordering and phase separation are inherently low. It has been observed that the benefit of ordering is minimal at compositions between Ga 0.20 In 0.80 P and InP, as indicated by a switch in the glide plane distribution from glide planes enhanced by ordering to those naturally favored by the substrate miscut. It is desirable to delay the heavy Se doping until after the switch occurs to retain the glide enhancement related to atomic ordering [7] . Another key composition is Ga 0.10 In 0.9 P, which has a band gap equal to that of GaAs. Heavy doping must begin at this composition and continue through in the range Ga 0.10 In 0.9 P-Ga 0.0 In 1.0 P to achieve transparency to GaAs. Three heavily Se-doped grades were grown, one with 4 sccm dilute H 2 Se starting at Ga 0. 10 cm -3 in our reactor, respectively. Assuming the behavior of Ga 0.10 In 0.90 P and InP is similar, this doping range would be expected to lead to a shift in band gap of 0.1-0.3 eV, based on the data of Raccah [16] for heavily doped InP. The shortwavelength portion of the internal quantum efficiency (IQE) for 0.74 eV Ga x In 1-x As cells grown on these grades is plotted in Fig. 2 (middle) . For reference, the long-wavelength portion of the IQE of a 3 μm-thick GaAs subcell of a 4-junction device (MN187) is also plotted as benchmark for transparency of the CGBs. The transparency of the CGB is defined hereafter as the point on the short-wavelength shoulder of the IQE curve where the IQE is 90% of the maximum. 978-1-5090-5605-7/17/$31.00 ©2017 IEEE As expected, the control CGB is transparent to 935 nm, roughly the band gap of undoped InP. The Se-doped CGB with doping starting at Ga 0.10 In 0.90 P is transparent to 880 nm (1.41 eV) while the the CGBs with 10 and 20 sccm of diluted Se starting at Ga 0.20 In 0.80 P are transparent to 835 nm (1.49 eV) and 810 nm (1.53 eV) light, respectively. Thus, the transparency of the CGB is tunable by varying the doping density in the given range and also the doping start composition.
J-V curves for these cells are presented in Fig. 2 (right) . The V OC of all cells is high, above 0.32 V. The band gaps of these cells slightly vary because the compositions of the Ga x In 1-x As cells were adjusted to lattice match to the CGBs, which had slightly different residual strains due to the Se doping. Therefore, the offset between the band gap (E g ) and open circuit voltage (V OC ), W OC = E g /q-V OC , averaged over multiple devices and normalized to 15 mA/cm 2 J SC , is also shown in the figure. W OC for these cells is essentially constant for each sample, regardless of CGB doping level, indicating that the threading dislocation density in the CGBs is likely unaltered by the heavy Se doping. The slight increase in W OC of MO530 is likely within typical run-to-run variation. The increased transparency of these CGBs results in increasing J sc of these inverted 0.74 eV Ga x In 1-x As cells. The Burstein-Moss shifted Ga x In 1-x P(Se) CGB offers a promising solution for cell designs on B-miscut substrates.
B. Combined AlGaInAs/GaInP Grade on 6˚A Substrates
Mismatched Ga x In 1-x P grown on GaAs miscut towards (111)A exhibits reduced or double-variant CuPt ordering and significant phase separation, which limits its use on those substrates [17] . Al x Ga y In 1-x-y As, which can be made highly transparent, offers a potential solution. The band gap of this material is easily tuned at a given lattice constant by varying the Al/Ga ratio. A series of 1.0 eV GaInAs cells grown on Al x Ga y In 0.30 As CGBs was grown to demonstrate the tunability of this materials system at a technologically relevant lattice constant. The CGBs were designed to have constant band gaps varying between 1.5 and 1.9 eV in 0.1 eV intervals. The CGBs were nearly identical, except that the Al/Ga ratio was increased to yield progressively more transparent CGBs. The IQEs for the ~1.0 eV GaInAs cells grown on these Al x Ga y In 0.30 As CGBs are presented in Fig. 3 (mid) , while the J-V curves for these cells are presented in Fig. 3 (right) .
The IQE results indicate that the Al x Ga y In 0.30 As CGB transparency is highly tunable from 840 to 685 nm. For the 1.8 eV and 1.9 eV CGB band gap samples, the Al 1-x-y Ga x In y As transparency was pushed above the Ga 0.25 In 0.75 P window, which results in a small collection loss in the short wavelength range of these cells. The development of an AlGaInP or AlGaInAs window would eliminate that source of parasitic absorption, but it is not necessary for the Al 1-xy Ga x In y As/GaInP(Se) combined grade discussed here. The V OC for each of these samples is around 0.65 V. W OC normalized to 15 mA/cm 2 J SC is 0.40 V or below for each sample (except for MO439 which had a high series resistance due to poor gold contact adhesion), indicating that the quality of the CGBs are high. Despite the high concentrations of Al used (up to 59% of the cation sites in the 1.9 eV sample), and the associated problems with oxygen incorporation, the high voltages indicates low non-radiative recombination in these cells. We conclude that threading dislocation densities in the CGB are not significantly increased with the increased Al content, and that increased oxygen incorporation related to Al is does not affect the cells, because the Al is confined to a majority carrier region of the device.
Grading to higher indium concentrations is problematic in the analogous Ga x In 1-x As ternary, however, as phase 978-1-5090-5605-7/17/$31.00 ©2017 IEEE separation becomes significant at compositions near Ga 0.65 In 0.35 As [6] . Fortunately, the lattice constant of this composition is roughly equal to that of Ga 0.20 In 0.80 P, a composition where phase separation is less prominent in that alloy, making a combined Al 1-x-y Ga x In y As/Ga x In 1-x P(Se) CGB a promising solution for growth on A-miscut substrates. In fact, a Ga x In 1-x As/Ga x In 1-x P combined grade from GaAs to InP with low TDD has been demonstrated previously [6] , but without the conductivity and transparency required for inverted solar cells.
A series of ~0.74-eV GaInAs cells on 6˚A miscut GaAs substrates were grown with CGBs graded from GaAs to Al 0.38 Ga 0.29 In 0.33 As (Eg = 1.51 eV, or 821 nm) and then from Ga 0.20 In 0.80 P to InP. The flow of dilute H 2 Se during the Ga x In 1-x P stage was varied between 4 and 20 sccm. The IQEs of this series are plotted along with that of the standard, low-doped 2˚B Ga x In 1-x P grade in Fig. 4 (mid) . The benchmark GaAs cell IQE from Fig. 2 is reproduced as well. Fig. 4 (right) presents the light J-V curves of the 0.74-eV cells grown on 6˚A combined CGBs, along with that of the control cell (MN261) grown on the low-doped 2˚B Ga x In 1-x P buffer.
The transparency of the combined CGB with 4 sccm of dopant flow in the Ga x In 1-x P portion (MO532) is significantly increased, from 940 to 890 nm. This is not completely transparent to the GaAs cell, however, and is less transparent than MO406, the 2˚B Ga x In 1-x P(Se) grade shown in Fig. 2 , which is doped with the exact same Se flow and transparent to 880 nm. Absorption in the Al x Ga y In 1-x-y As portion of the grade is not the likely cause, given that it was designed for 821 nm transparency, and strong control of Al x Ga y In 1-x-y As transparency was demonstrated in Fig. 4 . Likely, the use of Amiscut substrates is leading to decreased Se incorporation. This effect is commonly observed in MOVPE growth of III-V materials [18] . The V OC of MO532 is 0.34 V, slightly lower relative to the control, though within typical run-to-run variation. The J SC is significantly increased due to the increase in transparency.
The use of increased Se doping flow, as in MO630 and MO702, increases transparency of these CGBs, as expected. In MO630, the transparency pushes well past the GaAs bandedge out to 860 nm. The use of heavier doping leads to significant voltage loss in the ~0.74 eV cells, however, which drop to 0.30 and 0.18 V for 12 and 20 sccm of Se dopant flow, respectively. This behavior is in contrast to the results of the Ga x In 1-x P(Se) CGBs on 2˚B, which exhibited no V OC degradation for any Se flow attempted. The underlying mechanisms behind this degradation are currently under investigation but likely are associated with increased dislocation densities.
C. GaAs/Ga 0.47 In 0.53 As Tandem Device
The CGBs detailed in previous sections exhibit high transparency and material quality, which enable new types of device structures, including the 4-6 junction structures with a single graded buffer layer. For example, a GaAs and Ga 0.47 In 0.53 As tandem (possessing band gaps 1.4 eV and 0.74 eV, respectively) that represents a very high efficiency combination for a double junction device [19] is enabled by the development of transparent CGBs.
This tandem was grown in an inverted manner on a 2°B GaAs substrate, starting with the GaAs cell, then grading with a Ga x In 1-x P(Se) CGB to InP, then depositing the Ga 0.47 In 0.53 As cell. First a GaInP 2 window was grown, and then the n-GaAs emitter, p-GaAs base, and GaInP 2 BSF. A tunnel junction consisting of 20 nm of p++ Al 0.30 Ga 0.70 As and 12 nm of n++ GaAs was grown next. After the tunnel junction, the Ga x In 1-x P(Se) CGB and Ga 0.47 In 0.53 As cell were grown. The design of those last two components is identical to the structure of QE of an anti-reflection coated GaAs/Ga 0.47 In 0.53 As tandem cell grown with a transparent BM-shifted Ga x In 1-x P(Se) CGB. The EQE of the individual subcells is plotted, along with the reflectance. The black curve is the summed IQE for the tandem. sample MO530 (see Fig. 2 ). The tandem was processed as described in section II, and coated with a 4-layer MgF 2 /ZnS/MgF 2 /ZnS anti-reflection coating (see ref. 20 for details of a similar coating). Fig. 5 shows the QE of this tandem. The EQEs of the individual subcells are presented, as well as the sum of their IQEs. The bottom cell QE was corrected for luminescent coupling [21] . Fig. 6 presents the J-V characteristic for the tandem as measured under the AM1.5G spectrum, and lists the device parameters, including the fill factor (FF) and efficiency (η). Electroluminescence was measured to obtain the external radiative efficiency and V OC of the individual subcells [10] . This information, along with Eg and W OC for the individual subcells is presented in . This tandem is current-limited by the bottom cell, so the efficiency could potentially be improved by either thinning the top GaAs cell, or extending the lattice constant of the CGB to that of 0.70 eV Ga 0.43 In 0.57 As using Se doped In x As 1-x P. Regardless, the excellent performance of this tandem device validates the use of these transparent CGB designs in multi-junction devices and demonstrates the enhanced design flexibility enabled by the high degree of transparency. These transparent CGBs will help enable the next generation of 5 and 6 multijunction devices that will test the 50% efficiency threshold.
IV. CONCLUSION
Highly transparent compositionally graded buffer layers (CGBs) were developed for application in new multi-junction solar cell designs. CGBs from the GaAs to InP lattice constant comprising heavily Se doped, Burstein-Moss shifted Ga x In 1-x P were demonstrated on 2˚B miscut substrates, while combined Al 1-x-y Ga x In y As /Ga x In 1-x P(Se) grades on 6˚A miscut substrates were demonstrated. These designs achieved transparency to wavelengths of 810 nm and 890 nm respectively, without degradation in material quality relative to a low doped Ga x In 1-x P control CGB on 2˚B miscut transparent to 940 nm. As part of development of the combined grade on 6˚A, Al 1-x-y Ga x In y As grades were developed with transparency up to 685 nm (~1.8 eV) without degradation in V OC relative to the standard Ga x In 1-x P CGB. A GaAs/0.74 eV GaInAs tandem with a BursteinMoss shifted Ga x In 1-x P CGB was grown to demonstrate the utility of highly transparent CGBs for new multi-junction designs. QE measurement of this tandem exhibits no absorption losses in the CGB. The individual subcells exhibited high material quality (W OC <0.4 V at J SC for each subcell) as determined by electroluminescence and the tandem achieved an efficiency of 29.6 ± 1.2%, both indicating that the CGB has a low defect density. The excellent performance of the tandem demonstrates the potential for these high transparency CGBs to enable new multi-junction designs, including devices with 5 and 6 subcells.
